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Abstract
Application of a regional model to study of fate and transport of a global pollutant such
as mercury in the atmosphere can be challenging and improper usage of models may
lead to questionable results. The diﬃculties in such application stem from the fact that
regional models are usually used in relatively small domains and rely heavily on ini- 5
tial and boundary conditions (IC/BC) provided by global models where atmospheric
physics and chemical mechanisms are generally diverse. This problem is particularly
apparent for a persistent air pollutant such as mercury. In this study, a conventional ap-
plication of the CMAQ (Community Multi-scale Air Quality) modeling system on regional
scale was extended towards a hemispheric scale. Two simulations were performed us- 10
ing diﬀerent IC/BC obtained from two global models. In terms of model evaluation,
aircraft measurements of total gaseous mercury (TGM) concentration as well as mer-
cury concentration and deposition data from ground-based measurements were used
altogether in comparisons with the model simulations. The model results suggested
an improvement in performance, as evidenced by a better circulation of the pollutant in 15
Northern hemisphere relative to regional-scale simulations performed in our previous
work. In this study, the simulation results using the two diﬀerent inputs were found to
be convergent as the simulation time progressed. The model results also suggested
that BC has much weaker inﬂuence on the simulation results in a hemispheric domain
than that on our previous regional assessment where BC was found to be one of the 20
most important factors. In addition, mitigations of inﬂuences from IC/BC on model re-
sults in a hemispheric domain and implication of peaks of TGM concentration evident
in aircraft measurement are also discussed.
1 Introduction
Mercury (Hg) exists in the environment in several forms, all of which can cause toxic 25
eﬀects or Hg poisoning depending upon its exposures and dosages. The environment
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and human health concerns of Hg are primarily due to its organic compounds as well as
ingestion of Hg-containing organisms and bioaccumulation in food chains. The atmo-
sphere is an important reservoir through which Hg is distributed worldwide, mobilizing
pollution to remote terrestrial and aquatic systems. Despite discoveries of state-of-the-
science regarding mercury in the past decades, some signiﬁcant links in our knowl- 5
edge of atmospheric Hg cycles remain missing. The limitations are caused largely
by the scarceness of existing observational data, lack of chemical speciation methods
for ultra-trace Hg compounds in the atmosphere (at pptv and ppqv levels), and under-
standing in atmospheric chemistry of Hg. Recently, progress in measurement tech-
niques has enabled extensive aircraft measurements of Hg distributing in the upper 10
troposphere and lower stratosphere (Swartzendruber et al., 2009; Talbot et al., 2008;
Radke et al., 2007; Banic et al., 2003; Friedli et al., 2004; Ebinghaus and Slemr, 2000;
Slemr et al., 2009). These proceeding studies would lead to a better understanding of
Hg cycling in the atmosphere.
Atmospheric Hg modeling studies have been conducted by using global or hemi- 15
spheric scale models (Selin et al., 2007; Dastoor and Larocque, 2004; Seigneur et al.,
2004, 2009; Travnikov and Ilyin, 2009; Jung et al., 2009; Jaegl´ e et al., 2009; Dastoor
and Davignon, 2009) while regional Hg models would be used for more spatially re-
solved (ﬁner resolution) results. The CMAQ (Community Multi-scale Air Quality) model-
ing system has been applied extensively to study chemical transport in the atmosphere 20
ranging from regional scale to inter-continental scale (Wang et al., 2009; Bullock and
Brehme, 2002; Lin et al., 2010; Pongprueksa et al., 2008; Lin and Tao, 2003; Gbor
et al., 2007, 2006; Bullock et al., 2008; Lin et al., 2007; Sillman et al., 2007). Atmo-
spheric Hg studies using CMAQ have been typically conducted in a series of steps.
The ﬁrst step is to simulate atmospheric Hg using either global or hemispheric scale 25
model. The outputs from those models are then used as the inputs for CMAQ model
simulation (downscaling method) in the later step. An advantage of CMAQ model over
some global Hg models is the fully-coupled of chemistry treatment (or online treat-
ment) where atmospheric constituents (e.g. gases, radicals, and particulates) used in
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Hg chemical reactions are directly calculated from emission inventories instead of rely-
ing on concentrations generated by external models. This online treatment is essential
due to the fact that most atmospheric oxidants plays an important role in determining
fate of a trace gas, such as atmospheric Hg, even though it is not the case of vice
versa. To date, the application of CMAQ on the chemical transport of Hg has been 5
limited to regional scale.
A major limitation in regional Hg simulations is their dependency on initial and bound-
ary conditions (IC/BC), typically generated from global models. Model simulations in
regional scale such as a CONUS domain were greatly aﬀected by BC as reported
in a previous study by Pongprueksa et al. (2008). Bullock et al. (2008, 2009) also 10
performed an inter-comparison of mercury models using several downscaling combi-
nations of three regional models (i.e. CMAQ, REMSAD, and TEAM) and three global
models (i.e. CTM, GEOS Chem, and GRAHM) in a North America domain (NAMMIS).
The study in 2009 demonstrated a very strong impact of the BC obtained from global
models. The model performance comparisons for all three regional models paired with 15
each of the inputs from three diﬀerent global models showed the same trend conﬁrm-
ing signiﬁcant eﬀect of BC from diﬀerent global models on regional-scale simulation
results. In this study, application of CMAQ on a hemispheric scale is demonstrated
in eﬀort to reduce uncertainties in regional-scale simulation caused by IC/BC derived
from diﬀerent modeling platforms. The slow air exchange between the Northern and 20
Southern hemispheres estimated to be about 1 yr (World Meteorological Organization,
1985) would allow simulations in a hemispheric scale to be less aﬀected by BC which
may be originated from a foreign model. A subsequent BC derived from a model sim-
ulated in the hemispheric scale (Northern or Southern) would be more appropriate for
simulations in regional/local domain sharing the same modeling platform. In contrast, 25
inﬂuences of BC may not be greatly reduced with Western or Eastern hemispheric ap-
plications where a signiﬁcantly faster air exchange (in terms of weeks) between the
two hemispheres is evident. The inﬂuences of IC can be weakened by using a proper
model “spin-up” period or launching the model simulation prior to the interested time
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frame. Therefore, outputs from a hemispheric CMAQ simulation will provide direct
downscaling for succeeding simulations in regional and local scales. This approach
can eliminate discrepancies in model chemistry (chemical mechanism and homoge-
neous/heterogeneous phase treatments), model physics (transport and deposition),
and model conﬁguration (e.g. temporal distribution and vertical layer description). 5
The objectives of this study are to: (1) apply CMAQ-Hg) for simulations in a North
Hemispheric domain, (2) evaluate the model performance using surface and aircraft
measurements of Hg, and (3) explain the elevated Hg concentrations from the aircraft
measurement using model results. The Hg measurement from ground-based and air-
craft measurements in North America, Europe, and the East Asia during 2005 are used 10
for the model performance evaluation, which provides insights to the model’s capability.
The ground-based measurements include CAMNet (the Canadian Atmospheric Mer-
cury Measurement Network), EANET (the Acid Deposition Monitoring Network in East
Asia), EMEP (the European Monitoring and Evaluation Programme), and MDN (the
Mercury Deposition Network). Aircraft measurements of total gaseous mercury (TGM) 15
from the CARIBIC project (Civil Aircraft for Regular Investigation of the atmosphere
Based on an Instrumented Container) (Slemr et al., 2009) were also incorporated in
this study.
2 Methodology
2.1 Model input data 20
The meteorological inputs needed for simulating the Weather Research and Forecast-
ing modeling system (WRF) were obtained from the Global Forecast System (GFS)
data that are generated by the NCEP (National Centers for Environmental Prediction)
with 1-degree spatial and 6-hour temporal resolution (ds083.2) (National Center for
Atmospheric Research, 2009). Clear sky photolysis rates of gases are calculated 25
using satellite measurement of ozone column from the NASA Total Ozone Mapping
Spectrometer (TOMS) (McPeters, 2009).
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Two sets of IC and BC (Hg species only) derived from the outputs of two global
mercury transport models were used. The two models are the Global/Regional Atmo-
spheric Heavy Metals (GRAHM) model (Dastoor and Larocque, 2004; Ryzhkov, 2009;
Dastoor and Davignon, 2009) and the Global EMEP Multi-media Modelling System
(GLEMOS) (Travnikov et al., 2010) which is a global model version developed from 5
the Meteorological Synthesizing Centre-East’s Hemispheric model of Heavy Metal at-
mospheric transport (MSCE-HM-Hem) (Ryaboshapko et al., 2007; Travnikov, 2005;
Travnikov and Ilyin, 2009). A vertical proﬁle comparison of the IC/BC data from the two
global models is shown in Fig. 1. Figure 1a shows the arithmetic mean of IC for the
entire CMAQ domain while Fig. 1b shows the annual average of BC at diﬀerent vertical 10
layers of the model.
Mercury emissions are based on global anthropogenic Hg emissions (AMAP/UNEP,
2008) and the emissions by natural processes (Lin et al., 2005; Seigneur et al.,
2004). The total Hg emission of 4172.1Mgyr
−1 in our hemispheric domain includes
elemental Hg (3632.6Mgyr
−1), divalent Hg (427.9Mgyr
−1), and particulate-bound Hg 15
(111.6Mgyr
−1). Non-mercury emissions are obtained from pre-gridded emission data
of aerosol/gas species (Heil and Schultz, 2009). A brief comparison of the Hg mod-
els used in this study and their Hg emission estimates are provided in Table 1. More
detailed information is provided elsewhere (Travnikov et al., 2010).
2.2 Observation networks 20
Observational data used in the model performance evaluation were obtained from air-
craft and ground measurements in the Northern Hemisphere. The static pressure and
TGM concentration were extracted from the CARIBIC data. The observed static pres-
sure was also used to determine the corresponding model altitude in model evaluation.
The CARIBIC is a project to monitor and study chemical and physical processes in the 25
Earth’s atmosphere (upper troposphere and lower stratosphere). The measurements
have been made during long distance ﬂights of a commercial airline since 2004 using
automated instrumentations in the freight container with a sampling inlet underneath
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the airplane. The ground measurement networks include CAMNet, EANET, EMEP, and
MDN. These networks measure precipitation, atmospheric Hg species concentrations,
and Hg wet deposition in North America, Europe, and East Asia. A brief description
of these networks is summarized in Table 2. The ground-based monitoring sites and
simpliﬁed CARIBIC ﬂight trajectories within the CMAQ modeling domain are shown in 5
Fig. 2.
2.3 Model conﬁguration
Meteorological data were generated using the Advanced Research WRF (ARW) ver-
sion 3.1.1 (Wang et al., 2010). The key conﬁgurations for ARW include Kain-Fritsch
scheme cumulus parameterization, WRF Single-Moment 6-class microphysics, Rapid 10
Radiative Transfer Model (RRTM) long-wave radiation, Dudhia short-wave radiation
scheme, Pleim-Xiu land surface model and surface layer, and ACM2 (Asymmetric Con-
vective Model) planetary boundary layer. The ARW outputs were processed using
MCIPv3.4.1 (Byun and Ching, 1999; Otte and Pleim, 2010) to generate model-ready
meteorology for chemical transport simulations. 15
CMAQ v4.6 (Byun and Schere, 2006; Byun and Ching, 1999) was applied for assess-
ment of atmospheric Hg in a Northern Hemispheric domain. The model is based on a
three-dimensional Eulerian atmospheric chemistry and transport modeling system that
simulates Hg, ozone, particulate matter, acid deposition, and visibility simultaneously.
The model components and sciences have been documented elsewhere (Bullock and 20
Brehme, 2002; Bullock et al., 2008; Travnikov et al., 2010). A spin-up period of 10 days
is used to eliminate the impact of initial conditions for atmospheric oxidants (e.g. O3,
OH, and H2O2 etc.) that react with mercury. As for mercury species, global models
were simulated for several years prior to the study period (2005) in order to provide the
initial and boundary conditions of them in this study. 25
A hemispheric model domain with a Polar Stereographic projection at 108-km spa-
tial resolution and 187×187 grid cells was used (Fig. 2) for this experiment. The
CARIBIC ﬂight trajectories in the model domain are between S˜ ao Paulo (GRU) and
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Frankfurt (FRA), between Frankfurt and Guangzhou (CAN), and between Guangzhou
and Manila (MNL). The actual CARIBIC ﬂight trajectories and the simpliﬁed tracks (with
its equations) for model data extraction are shown in Fig. 3.
3 Results and discussion
3.1 Preliminary evaluation 5
Identifying the model characteristics of a regional model can be achieved by running the
model using multiple sets of IC/BC. Therefore, CMAQ-Hg simulations were performed
using two sets of IC/BC in two simulation cases. Case 1 refers to CMAQ results using
the IC/BC from GRAHM, while Case 2 is the simulation of CMAQ that used the IC/BC
from GLEMOS. 10
Figure 4 shows the comparisons of observational and model-predicted annual aver-
ages of precipitation and aqueous Hg concentration in 2005. Annual medians of the
measured and model-simulated precipitation diﬀered by <4% (1.9–3.9%) and the dif-
ference of annual means varied from 2.7% to 15.7%. The simulated precipitations
agreed reasonably well with the measurements (Fig. 4a), while the diﬀerence between 15
the observed and simulated aqueous Hg concentrations is more substantial (Fig. 4b).
Generally, Case 1 was somewhat underestimated in terms of the measured concen-
trations for both MDN and EMEP sites and Case 2 produced greater concentrations
than Case 1. Case 1 gave slightly better aqueous Hg concentration at EMEP sites
compared to Case 2 in terms of data distribution. However, the percent error of mean 20
of aqueous Hg concentration ranged from 3.2% to 12.0% in Case 2, while Case 1 had
much larger percent error values (7.4–32.0%). Comparing with an earlier model study
by Lin et al. (2007), the model simulation in the hemispheric scale (especially Case 2)
yielded a more favorable result than that from the application of CMAQ on a regional
scale. 25
1730GMDD
4, 1723–1754, 2011
Application of CMAQ
at a hemispheric
scale
P. Pongprueksa et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
Figure 5 shows plots of Hg concentrations from the model results versus those from
ground-based (annual average) and aircraft (daily average) measurements together in
2005. In all regions, Case 2 provided a better estimate for Hg concentrations than that
from Case 1, except for the group of Hg
P and Hg
II concentrations at the EMEP sites (we
grouped them together due to the limited of monitoring sites available). To compare the 5
CMAQ-Hg results with CARIBIC data, the 15-min CARABIC data are processed into
hourly average. Recorded static pressure during the ﬂights is used to match the model
altitude in order to compare the observed TGM concentrations with the simulated ones.
Both simulation cases yielded results of TGM concentration that are comparable and
in agreement with the CARIBIC measurements with the results of Case 2 (error of 10
median and mean are 3.1% and 4.2%) being slightly better than that of Case 1 (error
of median and mean are 5.4% and 4.9%). TGM and Hg
0 concentrations estimated by
Case 2 agreed more closely to the CAMNet and EMEP measurements (error of median
and mean range 0.1–0.2% and 2.6–5.0%) compared with Case 1 (error of median and
mean range 6.3–6.6% and 9.1–11.5%). The simulated Hg
P and Hg
II concentrations 15
at EMEP sites show that results from Case 1 reproduced the ground measurements
more favorable than those from Case 2. Diﬀerences in concentration from the two
simulation cases are caused by the diﬀerent IC/BC implemented. The IC/BC re-gridded
from GLEMOS model output has higher background concentrations of Hg
P compared
with the values from the GRAHM model. Similarly, higher background concentrations 20
of TGM, Hg
0, and Hg
T estimated by Case 1 are caused by higher concentrations at
locations near monitoring sites generated by the GRAHM model.
The two simulation cases produced similar outputs in terms of TGM, Hg
0, and Hg
T
concentrations. In this study, the Relative Percentage Diﬀerence (RPD, %) was used
as a comparison index for the two sets of model results which are equally important. 25
The RPD of two simulation values, x and y, can be calculated by dividing the absolute
diﬀerence of the two values by the sum of the same two values and multiplying with
200. The equation of RPD is
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RPD,%=200×




x−y
x+y



. (1)
The Relative Percentage Diﬀerence (RPD) of mean and median for concentrations be-
tween the two cases are smaller than 10% except for the group of Hg
P and Hg
II, and
total Hg in precipitation. The higher RPDs of Hg
P and Hg
II (36.1% and 38.4% for
mean and median at EMEP sites) and total Hg in precipitation (10.8–25.7% and 28.3– 5
33.6% for mean and median at EMEP and MDN sites) suggest that Hg
P or Hg
II, and
total Hg in precipitation are more sensitive to IC/BC. The concentrations of Hg
0, the
dominant species (TGM and Hg
T), are relatively constant when compared with that of
the other Hg species (Hg
P and Hg
II). Therefore, concentrations of Hg
P, Hg
II, and total
Hg in precipitation should be better criteria in Hg model evaluation than TGM, Hg
0, and 10
Hg
T. One should note that higher TGM, Hg
0, and Hg
T concentrations in IC/BC do not
always result in higher Hg concentration in precipitation because Hg
0 has a very small
solubility when compared with Hg
II. Higher Hg
II or Hg
P concentration would directly
link to higher Hg concentration in precipitation. However, the number of atmospheric
Hg monitoring sites is still limited (particularly for speciated Hg measurements) and ad- 15
ditional continuous observations of mercury concentrations especially in Asia (a major
source region) are required for a more comprehensive model evaluation.
3.2 The entire domain comparison between two simulation cases
Diﬀerences in annual average TGM concentration between the two simulation cases
are small in most part of the Northern Hemispheric domain as depicted in Fig. 6. 20
Figure 6a and b show annual average of TGM concentrations at ground-level from
GRAHM-CMAQ (Case 1) and GLEMOS-CMAQ (Case 2), respectively. Spatial pat-
terns of TGM from both simulation cases are comparable but the TGM concentrations
from GRAHM-CMAQ are slightly higher than that from GLEMOS-CMAQ. TGM concen-
trations at ground-level are elevated in regions with major anthropogenic sources while 25
TGM concentrates near the North Pole and decreases with the latitude at the average
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aircraft measurement level (or ﬂight-level, altitude ∼10km a.m.s.l.). Figure 6c and d
show annual average of TGM concentrations at the CARIBIC ﬂight-level from GRAHM-
CMAQ and GLEMOS-CMAQ, respectively. At the average ﬂight-level, concentrations
from the two simulations are similar and the spatial distributions are relatively uniform
without elevated TGM concentration being evident. The overall TGM concentrations 5
from GLEMOS-CMAQ are smaller than the results from GRAHM-CMAQ. The diﬀer-
ences in TGM concentration from the two cases are greater at the ﬂight-level (ca. 0.1–
0.4ngm
−3) compared with those at surface level (ca. 0.1ngm
−3). The discrepancies
are mainly caused by the use of diﬀerent sets of IC/BCs as discussed earlier. In addi-
tion, GRAHM produces higher TGM or Hg
0 levels compared with the results from GLE- 10
MOS because of diﬀerences in chemical mechanism between the two global models
mainly due to the facts that: (1) GRAHM does not include the oxidation of Hg with OH
in gas phase while GLEMOS does, and (2) GRAHM incorporates the photoreduction
of Hg in aqueous phase while GLEMOS does not (Travnikov et al., 2010). Therefore,
GLEMOS requires slightly more Hg emission estimates to balance Hg budget in the at- 15
mosphere. In summary, the chemical mechanism in GRAHM is less oxidizing, leading
to greater TGM concentrations.
3.3 CARIBIC aircraft data and CMAQ model results
3.3.1 Distribution of TGM concentration
Figure 7 compares CMAQ simulation results to the CARIBIC data (TGM and static 20
pressure) in the upper troposphere corresponding to longitude along the CARIBIC ﬂight
path (x-axis) and day of year (y-axis) within the Northern Hemisphere domain (Fig. 2).
The plot visualizes both spatial and temporal changes during the modeling period in
order to show seasonal variation of TGM concentration.
Figure7a is constructed by assuming the measured TGM as a representative of the 25
daily average. The TGM data (May 2005 to March 2007) are plotted in bubbles and
missing data are calculated using the Delaunay triangular interpolation for every 1
◦ of
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longitude and between ﬂight intervals. Peaks of daily average TGM concentrations
appear around the transition of spring/summer and in fall near the ﬂight destination in
Europe (FRA). For the locations near ﬂight destinations in Asia (CAN and MNL), the
peaks of daily average TGM concentration are detected in May and September. At
locations far away from the ﬂight destinations, the average TGM concentrations are 5
low (<1ngm
−3) especially in summer.
Figure 7b shows the static pressure during the CARIBIC ﬂights. High static pressures
were measured near the ﬂight destinations during takeoﬀs and landings. The static
pressure partially explains TGM concentration variation as the concentrations tend to
decrease with increasing altitude. Typically, Hg
0 decreases as altitude increases (or 10
pressure decreases) while Hg
II typically increases with altitude (Swartzendruber et al.,
2009). Several measurement studies (Radke et al., 2007; Talbot et al., 2008; Swartzen-
druber et al., 2009; Friedli et al., 2004) have also reported a similar relationship of the
altitude/pressure and TGM/Hg
0 concentrations.
To compare CMAQ results with those from CARIBIC data, daily average TGM con- 15
centrations from the CMAQ using IC/BC from the GRAHM or the GLEMOS are ex-
tracted from the ﬂight path and plotted at every 1
◦ of longitude for the entire year.
Figure 7c and d shows the model results along the ﬂight paths. Both cases show
similar TGM concentrations, with Case 1 having slightly higher values. The maximum
values (peaks) of daily average TGM concentration of the year at each longitude are 20
highlighted in bubbles. Higher TGM concentrations occurred in November and De-
cember over Europe, while the same situation occurred in summer (June–August) and
the starting of fall (September) over Asia. Generally, both model cases could not cap-
ture the high TGM concentrations observed during CARIBIC ﬂights in Europe but the
model results did capture some Asian plumes. A close look into the meteorological 25
data shows that a combination of stagnant air (wind speed <0.5ms
−1) and lack of
precipitation is associated with the elevated concentrations, indicating mercury emitted
from anthropogenic and natural sources accumulates in the air column due to the lack
of horizontal dispersion.
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With a small temporal variation of Hg emissions, the daily average TGM concentra-
tions from simulations should remain relatively uniform for the same longitude on daily
basis. Therefore, the same color representing TGM concentration would appear in per-
pendicular to the x-axis (longitude). However, both observation and simulation results
show remarkable peaks over Asia (see Fig. 7) instead of a homogeneous color strip 5
pattern.
3.3.2 An evidence of air stagnation
To further examine the annual peaks of daily average TGM concentration along the
CARIBIC ﬂight trajectories, vertical concentration proﬁles at the locations correspond-
ing to peaks (bubbles in Fig. 7c and d) are extracted from model outputs as shown in 10
Fig. 8. The extracted vertical proﬁles are plotted with model vertical grid levels (sigma-
level or altitude above mean sea level) in y-axis while the x-axis indicates the longitude
of the ﬂight trajectories. Both cases show a similar vertical pattern with a trend of
TGM concentrations decreasing with increasing altitude in these regions and the el-
evated TGM concentrations at the upper layers are originated from the near surface 15
emissions. This is possibly due to the greater vertical dispersion when the horizontal
movement is limited. The correlation in pattern suggests that daily TGM peaks shown
in Fig. 7 are caused by air stagnation.
3.3.3 Implications of IC/BC
The impacts of IC/BC on a model-simulated concentration of mercury are diﬀerent 20
depending upon its species (Hg
0, Hg
II, or Hg
P). Pongprueksa et al. (2008) demon-
strated that BC was more important relative to IC in a regional-scale simulation since
the initial air mass could be replaced by the inﬂow within a short period of time. In con-
trast, IC (especially for inert species such as Hg
0) would become more important for
a hemispheric-scale simulation because most of the circulation would occur within the 25
domain. To further address the impact of IC/BC, the simulation results are compared
using the Relative Percentage Diﬀerence (RPD, %).
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Figure 9 shows RPD between Case 1 and Case 2 results along the aircraft trajec-
tories (x-axis) for the entire year. The RPD values for TGM and Hg
0 have a similar
pattern (Fig. 9a and b) because Hg
0 is the dominant species of atmospheric mercury.
Greater RPD values are evident during model starting periods and locations close to
the model boundaries (longitude <0
◦ and longitude >90
◦). The RPD values of Hg
II
5
are greater than the values of Hg
0 but much smaller than those of Hg
P (Fig. 9c and d).
Moreover, RPD values for Hg
II and Hg
P can also be aﬀected by TGM or Hg
0 concentra-
tions. In CMAQ, Hg
P is assigned to ﬁne particulate mode and therefore has a greater
atmospheric lifetime compared to that of Hg
II. The Hg
P produced from the oxidation of
Hg
0 lead to the similar pattern found in Fig. 9b and d. The high RPD values in the early 10
simulation period (the ﬁrst 4 months) are caused by diﬀerences in the initial conditions
while the high values near model domain boundaries are caused by the boundary con-
ditions derived from the two completely diﬀerent models. Due to the short atmospheric
lifetime of Hg
II, the eﬀect of IC sustains only for a few days (Fig. 9c) and boundary eﬀect
is not obvious, consistent with the previous study results by Pongprueksa et al. (2008). 15
The RPD values gradually decrease over time. The means of RPD for TGM and Hg
0
across the ﬂight path in the domain reduce from 32.2% at the start to 6.8% toward
the end of the year. Consequently, a model spin-up period of one-year (or longer) is
recommended to reduce the inﬂuences from initial conditions of Hg
0. Model spin-up
periods required for Hg
II and Hg
P (ranging from days to a few months) are much shorter 20
than that for Hg
0, hence the spin-up for Hg
0 is the governing period for simulations
on hemispheric scale. The inﬂuence of BC can be indentiﬁed at locations where the
RPD values are high (near domain boundaries). The high values persist even after
several months of simulation. It is therefore important that the model region of interest
be suﬃciently remote from domain boundaries. In our hemispheric simulations, the 25
impacts of BC are small at the locations above 20
◦ N of latitude.
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3.4 Future model improvement
Results of model simulations can be improved by using either model input data which
is better representing environmental conditions or a better model conﬁguration which
can also be as challenging as adding new multi-media chemical schemes. The mete-
orological ﬁelds and model input data can be improved using several methods such as 5
using nudging-based data assimilation to reproduce the actual characterization of the
atmosphere. Improved meteorological ﬁelds provide assurance in succeeding emis-
sions processing and air quality simulations. Due to large area coverage, emission
estimations in the North Hemisphere may be highly uncertain therefore the updated
emission inventories are always favorable toward better estimations. 10
Mercury species concentrations varied signiﬁcantly depending on the altitude and
atmospheric pressure based on CARIBIC data. Therefore, model simulations using a
ﬁner vertical resolution (especially at ﬂight-level) would compared more favorably with
aircraft measurements in the free troposphere and lower stratosphere. In addition,
incorporating important chemical reactions such as reactions with reactive bromine 15
species (Holmes et al., 2006, 2010) would also be beneﬁcial.
We found that application of CMAQ-Hg in the hemispheric domain shows model im-
provements over earlier CMAQ-Hg modeling eﬀorts at regional scale. In a regional
domain, model results are continuously inﬂuenced by BC. Because the global models
used for generating the BC typically have diﬀerent science conﬁguration compared to 20
a regional model such as CMAQ-Hg, there is a potential that the model results can be
biased by the input data of IC/BC. By applying the model in a hemispheric domain, we
demonstrate that the inﬂuences of initial condition can be excluded by model spin-up
for a concerned pollutant with a relatively long atmospheric lifetime (Hg
0). The hemi-
spheric model results of CMAQ-Hg can be directly applied in model nesting of regional 25
and local model analysis, eliminating issues of model science inconsistency when per-
forming model downscaling from a foreign global model. The impact of BC can reach
up to 20
◦ N, typically no farther than 10
◦ N, in our experiments in the hemispheric
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domain. This is appropriate for assessing mercury transport and deposition in most
populated region in the North Hemisphere.
4 Conclusions
In this study, an extended application of CMAQ-Hg over the Northern Hemisphere in
2005 was performed. Model evaluation using both aircraft and ground measurements 5
indicate that the hemispheric simulations can reasonably reproduce the concentra-
tion and deposition of atmospheric mercury. The two sets of IC/BC inputs derived
from GRAHM and GLEMOS global models yielded comparable results relative to ﬂight
measurement (inputs from GRAHM and GLEMOS yielded 3.1% and 5.4% error in me-
dians, and 5.7% and 4.9% error in means, respectively), with the case of inputs from 10
GLEMOS being slightly better. The Relative Percentage Diﬀerence (RPD) of means
and medians of TGM, Hg
0 and Hg
T concentrations are less than 10%. This suggests
resemblance in performance of the two simulations. The agreement in TGM concentra-
tions at ground-level (0.1ngm
−3) is stronger compared to those measured at ﬂight-level
(0.1–0.4ngm
−3). The model results in both cases suggested that the downscaling ef- 15
fect of BC is greatly reduced on the hemispheric scale. Model simulations in such large
scale beneﬁt not only long atmospheric lifetime such as mercury but also short lifetime
chemicals (e.g. O3, NOx, and SO2 etc.). In addition, the elevated concentrations of
TGM in East Asia are apparently caused by air stagnation.
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Table 1. Brief summary of model conﬁgurations and emission estimates.
Model Scale Horizontal grid Hg gas phase Hg aqueous phase 2005 Hg emission (Mg yr
−1)
resolution
Oxidation Oxidation Reduction Anthropogenic Natural &
Secondary
CMAQ-Hg N. Hemisphere 108km×108km O3, OH, O3, OH, SO
2−
3 , 1635 2537
(v. 4.6) H2O2, Cl, Cl2 HOCl/OCl
− hν, HO2
GRAHM Global 1 deg.×1 deg. O3, Br, O3, OH, SO
2−
3 , 1925 3500
(v. 1.1) BrO, Cl, Cl2 HOCl/OCl
− hν
GLEMOS Global 5 deg.×5 deg. O3, OH, O3, OH, SO
2−
3 1925 4230
(v. 1.0) Br, BrO, Cl2 HOCl/OCl
−
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Table 2. Summary of observation networks used in this study.
Observation Key Unit Data Frequency Site # Type Region Source
Network Parameter Completeness
a
(%)
CARIBIC TGM
b ngm
−3 n/a every 10–15 min n/a aircraft Asia, Europe, South America Brenninkmeijer (2009)
CAMNet TGM
b ngm
−3 0.06–97.59 hourly 11 surface North America Environment Canada (2005)
EANET Precip.
c mm 50.00–100.00 daily or weekly 43 surface East Asia ACAP (2010)
EMEP Precip.
c mm 72.60–100.00 weekly-bimonthly 15 surface Europe Hjellbrekke (2010)
Hg
d
(aq) ngL
−1 72.60–100.00 weekly-bimonthly 13
TGM
b ngm
−3 14.25–98.90 hourly-monthly 8
Hg
Te ngm
−3 23.84–78.36 hourly-biweekly 5
Hg
0f ngm
−3 86.14 hourly 1
Hg
IIg pgm
−3 6.08 hourly-daily 1
Hg
Ph pgm
−3 6.08–100.00 hourly-biweekly 4
MDN Precip.
c mm 11.45–100.00 daily-monthly 95 surface North America NADP (2010)
Hg
d
(aq) ngL
−1 11.45–100.00 daily-monthly 95
Note:
a Data completeness is deﬁned as percentage of available data in one year;
b TGM is total gaseous mercury (Hg
0 +Hg
II);
c Precip. is precipitation;
d Hg(aq) is total mercury in precipitation;
e Hg
T is total mercury in the air (Hg
0 +Hg
II +,Hg
P);
f Hg
0 is gaseous elemental mercury;
g Hg
II is gaseous divalent mercury;
h Hg
P is particulate-bound mercury.
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Fig. 1. Vertical proﬁle of IC/BC for Hg species from the global models (a) mean of IC in the
CMAQ hemispheric domain and (b) annual mean of BC from the domain boundary.
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Fig. 2. CMAQ modeling domain, ground-based monitoring sites, and simpliﬁed CARIBIC ﬂight
trajectories.
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Fig. 3. Actual CARIBIC trajectories (solid lines) and simpliﬁed ﬂight tracks (dotted lines).
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Fig. 4. Box plots of data from observation networks and model simulations (a) annual precipi-
tation and (b) aqueous Hg concentration in precipitation.
1749GMDD
4, 1723–1754, 2011
Application of CMAQ
at a hemispheric
scale
P. Pongprueksa et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
Fig. 5. Box plots of Hg species concentrations in the atmosphere from aircraft measurements,
ground-based measurements, and model simulations.
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Fig. 6. Annual average TGM concentrations (a) GRAHM-CMAQ at ground level (b) GLEMOS-
CMAQ at ground level (c) GRAHM-CMAQ at aircraft level (d) GLEMOS-CMAQ at aircraft level.
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Fig. 7. Filled contour plots gridded in longitude and day of year showing (a) CARIBIC TGM
concentration [measurement data points in bubbles], (b) CARIBIC static pressure [measure-
ment data points in bubbles], (c) GRAHM-CMAQ TGM concentration [max. values in bubbles],
and (d) GLEMOS-CMAQ TGM concentration [max. values in bubbles]. Note: for each Julian
day (Y Axis), the values of the shown parameters represent the measured/model-predicted
concentration/pressure along the ﬂight trajectory of that day in terms of longitude. For example,
in Fig. 7a and b, the CARIBIC measurements were performed monthly and shown in bubbles;
the rest of the contour plot was interpolated using the measured data.
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Fig. 8. Vertical proﬁle for annual peaks of daily average TGM concentrations along the sim-
pliﬁed ﬂight-path derived from (a) GRAHM-CMAQ, and (b) GLEMOS-CMAQ. Note: for each
vertical layer/altitude (Y Axis), the values represent simulated TGM concentration peaks of the
year along the ﬂight trajectory in terms of longitude.
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Fig. 9. The Relative Percent Diﬀerence of CMAQ data integrated with GRAHM and GLEMOS
models (a) TGM, (b) Hg
0, (c) Hg
II, and (d) Hg
P. Note: for each Julian day (Y Axis), the values
of the shown parameters represent the RPD between the two simulations of mercury species
concentration along the ﬂight trajectory of that day in terms of longitude.
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